Abstract: Photo-induced charge separation in TiO 2 and Cu 2 O semiconductor nanoparticles was examined using electron paramagnetic resonance spectroscopy in order to obtain insight into the photocatalytic reduction of CO 2 in nonaqueous media. For dissolution/grafting of CO 2 , carboxy-PEG 4 -amine was used with poly(ethylene glycol) 200 as the solvent. It was found that the reduction of CO 2 in this system starts at a potential of -0.5 V vs. Ag/AgCl, which is significantly more positive than the potential for electrochemical reduction of CO 2 in most organic solvents and water (-2.0 V vs. Ag/AgCl). The electron transfer from excited nanoparticles to CO 2 is governed by both thermodynamic and kinetic parameters, namely by the redox potential of conduction band electrons and adsorption/binding of CO 2 on the surface of the nanoparticles.
INTRODUCTION
Carbon dioxide produced by consuming fossil fuels is regarded as the most significant source of greenhouse gases. 1 Reducing the accumulation of CO 2 in the atmosphere is one of the current major scientific and social challenges. Although the chemical industry currently uses CO 2 as an inexpensive, non-flammable and non-toxic C 1 resource, the processes are conducted at relatively high pressures, at elevated temperatures and in the presence of catalysts. [2] [3] [4] [5] [6] Thus, there is a need for the development of facile and inexpensive methods to convert CO 2 to usable materials under mild conditions (temperature and pressure). Using solar light as an energy source and inexpensive semiconductor nanoparticles as photocatalysts is a promising approach for the photochemical transformation of 1798 DIMITRIJEVIĆ CO 2 into fuels: CO, CH 4 , and CH 3 OH. Each of these fuels could be burned to produce CO 2 and then regenerated by photochemical reduction. Alternatively, CO could be used as a starting material in the water gas shift reaction to generate hydrogen from water. In all these cases, energy would be produced in a CO 2 neutral fashion avoiding a net production of CO 2 . While most semiconductorassisted photocatalytic reductions of CO 2 were realized in aqueous solution, 7-10 the yields were relatively low not only because of the low solubility of carbon dioxide in water, but also because adsorbed/dissociated water on the surface of nanoparticles competes with adsorbed CO 2 for the photogenerated electrons. 11 Different strategies in improving CO 2 sequestration are currently being pursued. Several groups 12-14 have developed reversible CO 2 capture utilizing a strong nitrogen-containing base in conjunction with a proton donor. Meanwhile, amidophosphoranes were also proved to be capable of capturing one equivalent of CO 2 through the insertion of CO 2 into a P-N bond, resulting in the generation of carbamatophosphoranes. 15 Very recently, Brennecke and co-workers 16 designed an ionic liquid (IL) comprising an amino-functionalized anion and a long-chain alkyl phosphonium cation to capture CO 2 , while Liu 17 et al. employed poly-(ethylene glycol) (PEG) solution with amino acid salts. In both cases almost equimolar absorption of CO 2 (1 mol CO 2 per mol of IL, or per mol of amino acid in PEG) was obtained.
In this work, the non-aqueous solvent PEG 200 was combined with shortchain amine group salts to increase CO 2 dissolution, and semiconductor nanoparticles were employed to initiate light-induced CO 2 reduction. For these studies, electron paramagnetic resonance (EPR) spectroscopy was used as a tool for examining the initial photo-induced charge separation and transfer in the presence of dissolved/grafted CO 2 .
EXPERIMENTAL

Materials
All chemicals were of analytical grade and used as received, without further purification. Poly(ethylene glycol) 200 was purchased from J. T. Baker, carboxy-PEG 4 -amine, C 11 H 23 O 6 N, abbreviated in the text as CA(PEG) 4 , from Thermo Scientific, tetra(n-butyl)ammonium hexafluorophosphate, Bu 4 NPF 6 , from Aldrich, anatase nanoparticles (d = 20 nm) from SkySpring, and Cu 2 O colloidal nanoparticle (d = 30 nm) solution in ethanol from Aldrich. Research-grade carbon dioxide, 99.999 % (Airgas), was passed consecutively through two hydrocarbon traps (Supelco) to remove even trace amounts of impurities. Instrumentation X-Band continuous wave EPR experiments were conducted on a Bruker Elexsys E580 spectrometer equipped with an Oxford CF935 helium flow cryostat with an ITC-5025 temperature controller. The EPR spectra of the photogenerated charges were recorded at cryogenic temperatures from 4.5 to 77 K. The g factors were calibrated for homogeneity and accuracy by comparison with a coal standard, g = 2.002850.00005. Simulations were performed using Bruker SimFonia, version 1.25. Samples in the EPR cavity were illuminated using a 300-W Xe lamp (ILC) with water as the cut-off IR filter. Cyclic voltammetry measurements were performed with a three-component system containing a glassy carbon working electrode, Pt as the counter electrode, and Ag/AgCl as the reference electrode, using a BAS-100B/W (Bioanalytical Systems, USA) workstation with a single compartment closed quartz cell. Absorption spectra were recorded on a Shimadzu UV-1601 spectrophotometer.
RESULTS AND DISCUSSION
Electrocatalytic reduction of CO 2 in non-aqueous media has recently gathered increased interest, 18 while semiconductor-assisted photocatalytic reduction is mainly focused on metal oxides in aqueous media. In photocatalytic processes, semiconductor metal oxide nanoparticles are used as light-harvesting materials. Nanocrystalline semiconductors are capable of coupling single photon events to the accumulation of multiple redox equivalents (photogenerated electrons) that participate in catalytic reduction of CO 2 . The semiconductors Cu 2 O (p-type), because of its favorable electronic properties for CO 2 reduction, Fig. 1 , and TiO 2 , because of its proven ability to convert carbon dioxide to methane in the presence of proton donors, [7] [8] [9] [10] [11] were chosen as photocatalysts of interest. The low yield of methane production in aqueous solutions is due to the competition of water and carbon dioxide for the photogenerated electrons combined with the low solubility of carbon dioxide in water. Thus, the highest yields were achieved using a CO 2 /water vapor (2:1) combination. 11 The redox potentials of CO 2 reduction products in aqueous solution are also indicated in Fig. 1a . In the absence of proton donors (as in non-aqueous solvents), the major product is carbon monoxide.
In order to increase the solubility of CO 2 , 10 mM carboxy-PEG 4 -amine, CA(PEG) 4 in PEG 200 solvent was used. The choice of CA(PEG) 4 was based on its high solubility in PEG 200 and because the amine group can effectively graft CO 2 . It was shown previously that amino and amine groups capture CO 2 via the sequestration formation of the carbamic acid or carbamate pathways in a high yield. 17 In order to gain insight into the photocatalytic reduction of CO 2 in nonaqueous media, photo-induced charge formation, separation and transfer in semiconductor nanoparticles were examined in CA(PEG) 4 /PEG 200 solution saturated with N 2 or CO 2 .
CO 2 in non-aqueous amine solution
The ability of CA(PEG) 4 dissolved in PEG 200 to sequester CO 2 efficiently was demonstrated using cyclic voltammetry. The voltammograms of the solutions saturated with N 2 and CO 2 are presented in Fig. 2a , from which it can be seen that the reversible one-electron redox process of CA(PEG) 4 with E 1/2 = = -0.84 V vs. Ag/AgCl occurred in the absence of CO 2 . At the same time, when solution was bubbled with CO 2 , a quasi-reversible electron transfer occurred. Moreover, the reduction of amine-grafted CO 2 starts at a potential of -0.5 V, while the electrochemical reduction of CO 2 occurs at rather negative potentials (more negative than -2 V) at low temperatures in most organic solvents. In the absence of CA(PEG) 4 , no significant changes in the voltammograms of PEG 200 with and without CO 2 could be observed, Fig. 2b , showing that CO 2 does not dissolve in PEG 200 very efficiently, and confirming that the -NH 2 group is essential for the dissolving/grafting of CO 2 .
Not only the increased solubility, but also the measured relatively positive potential for CO 2 reduction in this system made it the medium of choice for further studies and possible applications.
Light-induced charge transfer
The photo-excitation of TiO 2 (anatase) with energies greater than its band gap (3.2 eV) results in the formation of conduction band electrons and valence band holes (charge carriers): 22 TiO (e h )TiO
EPR spectroscopy has been widely used to examine paramagnetic species in illuminated titania, starting with the seminal work of Howe and Gratzel. 19 At cryo- genic temperatures, photogenerated charge carriers localize in the interior of TiO 2 nanoparticles or migrate to the surface where they localize at surface trap sites. The signals associated with the trapped electrons are those due to lattice (Ti 3+ ) latt , sharp signal at g  = 1.990 and g  = 1.961, and surface (Ti 3+ ) surf centers, broad signal with g = 1.924, Fig. 3a . The observed signals are characteristic of the electron in the Ti 3d orbital of the anatase lattice and surface. 20 Simultaneously, no signal due to the oxygen-centered radical, (Ti 4+ O  ) surf , i.e. holes, was observed. The observed signal with g = 2.001 is due to the reaction of 1802 DIMITRIJEVIĆ photogenerated holes with carboxy-PEG 4 -amine. The 6-line spectrum with the intensity ratios of 1:2:3:3:2:1 presented in Fig. 3b corresponds to CH 3 CH 2  radicals, 21 and is the result of C-O bond scission. 22 The efficient scavenging of holes by carboxy-PEG 4 -amine is facilitated by the strong binding of carboxyl groups on TiO 2. By increasing the temperature from 5 to 77 K, the electrons from the interior of the TiO 2 nanoparticle had enough energy to detrap and move to the surface where they localize at mid-gap states. The decrease of the signal for latticetrapped and the increase of the signal that corresponds to the surface-trapped electrons, can be seen for a solution saturated with N 2 , Fig. 4a . On the other hand, dissolved CO 2 acts as an electron acceptor, Eq. (2). The R-CO 2 in equations represents grafted CO 2 , most probably carbamate: 17
It was found that at the elevated temperature of 77 K, detrapped lattice electrons do not localize on the surface, rather they react with CO 2 , Fig. 4b . Con-
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Available online at www.shd.org.rs/JSCS/ sequently, no increase in the signal due to the surface-trapped electrons that were present at 5 K accompanies the decrease in the signal of the lattice-trapped electron. This means that i) the energy of mid-gap surface trapped electrons is below the redox potential for CO 2 reduction and ii) only conduction band electrons can react with CO 2 . Although the driving force for CO 2 reduction with TiO 2 conduction band electrons is not high (Fig. 1) , the efficient scavenging of photogenerated holes by CA(PEG) 4 enables a relatively high yield of the reduction reaction.
The conduction band electrons of cuprous oxide (Cu 2 O) have a more negative potential than those of TiO 2 ; thus, the thermodynamic parameters favor reduction of CO 2 . However, Cu + is a non-paramagnetic ion and light-induced charge separation and transfer cannot be detected by EPR directly. As the Cu 2 O nanoparticles used in this study did not have a protective ligand on their surface, a slow oxidation of bare nanoparticles occurred in air, resulting in the formation of thin layer of copper oxide (CuO) on the surface. This was confirmed by EPR spectra measured in the dark before illumination, Fig. 5 . The spectra show hyperfine structure that is characteristic of Cu 2+ (I = 3/2). In both cases (N 2 vs. CO 2 saturated solutions), the values of g  and g  satisfy the relation g  > g  > g e = = 2.0023 (g e represents the g-tensor of free electron), indicating that the Cu 2+ were coordinated by six ligand atoms in an axially distorted octahedron, that is characteristic of copper ions in CuO. However, the values for parallel and normal component differ, g  = 2.256 and g  = 2.036 for N 2 , and g  = 2.276 and g  = 2.038 for CO 2 , which suggests that CO 2 adsorbs/binds strongly to the surface of CuO, not only to carboxy-PEG 4 -amine, affecting the hyperfine structure of surface Cu 2+ . The binding of CO 2 onto Cu 2 O/CuO was previously observed in aqueous solutions. 24 Under illumination with visible light ( > 400 nm), an increase in the concentration of Cu 2+ was observed in the presence of CO 2 , Fig. 6 , due to electron transfer:
In the absence of CO 2 , no change in the signal associated with Cu 2+ was observed (Fig. 6a) because of the fast recombination of the photogenerated electrons and holes. The redox potential of valence band holes of Cu 2 O is not 
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DIMITRIJEVIĆ positive enough to allow oxidation of carboxy-PEG 4 -amine as no signals of organic radicals were observed in this system; thus, recombination of the charges was the favorable process. Therefore, the electron transfer from excited Cu 2 O to CO 2 at the extremely low temperature of 5 K was due to the combined effects of the favorable redox potential of Cu 2 O conduction band electrons and strong adsorption/binding of CO 2 on the nanoparticles.
CONCLUSION
Carboxy-PEG 4 -amine, C 11 H 23 O 6 N, when dissolved in poly(ethylene glycol) 200 efficiently sequesters CO 2 . The grafting of CO 2 not only increases its solubility but enables reduction of CO 2 at a significantly more positive potential than the electrochemical reduction of CO 2 in most organic solvents or aqueous solutions. The efficiency of the one-electron transfer from photo-excited TiO 2 and Cu 2 O nanoparticles to CO 2 was in the order Cu 2 O > TiO 2 , because of the preferential electronic and surface properties of the cuprous/cupric oxide nanoparticles.
